The hot ductility and fracture behaviour of boron steel 22MnB5 is of significant importance in the development of new components based on the hot stamping process. It is well known that the strain rate and temperature have remarkable influence on the ductility and fracture behaviour of boron steel 22MnB5. In the paper, the uniaxial tensile tests were carried out at elevated temperatures, in a range between 550°C and 850°C, at different strain rates, to investigate the hot ductility of boron steel at high temperature. In order to discover the fracture mechanisms under hot tensile testing, fracture surface observations were performed by scanning electron microscope (SEM). Finite element (FE) model of the experiments was developed and successfully validated against the experimental results. The predicted force-displacement curves indicate the proposed FE model is able to predict the ductile fracture onset in hot stamping.
Introduction
Recently, a variety of researches on impact stability and lightweight of automobiles have been carried out. Some researches focused on automobile parts with the non-ferrous metal such as aluminium and magnesium alloys as a substitute for the existing steel and the parts manufactured by new processes such as hydroforming and hot gas forming. The non-ferrous metal mentioned above contributed to reducing the weight. However, the materials had a side effect on the formability, and the cost was increased. To solve the problem, hot stamping process of boron steel was applied in the automotive industry to satisfy challenges concerning security aspects and light weight construction. In the direct hot stamping process, austenitised blanks of the ultra high strength steel 22MnB5 are simultaneously hot formed and quenched in one process step. Thus, parts with high structural complexity and tensile strength of about 1,500 MPa can be manufactured.
Studies and researches on hot stamping process which resolve the problems related to the formability and keep the ultra high strength after forming and heat-treatment have been actively performed. Up till now, the hot stamping process is one of the core technologies to manufacture the components. The process was designed based on a hot stamping simulation and a design of cooling channels for die cooling. Actually, many studies of the effects and optimisation of process parameters have been performed. Mori and Okuda (2010) have shown that heating the sheets reduces the forming load, prevents springback, and greatly improves formability. Maikranz-Valentin et al. (2008) have proposed a new type of thermo-mechanical tailored processing based on the application of differential heating and cooling strategies. Bardelcik et al. (2012) have examined the strength and strain-rate sensitivity of Usibor® 1500P subjected to various cooling rates ranging from 14 K/s to 50 K/s. Labudde and Bleck (2009) have post tempered the hot-formed workpiece, significantly reducing the hardness of the material from 550 HV to 290 HV. Induction tempering operation has been used by Hedegaard (2011) to prevent cracking of boron steel before spot welding. Stöhr et al. (2009) have examined differential heating within the furnace and have achieved tensile strength in the tailored region of 1,100 MPa, which was much lower than the fully hardened region. Naderi et al. (2011) have proposed semi-hot stamping, i.e., the blank was heated to about 650°C and then formed and quenched in the die simultaneously. Mori et al. (2013) have developed a tailored die quenching process using bypass resistance heating in hot stamping. Casas et al. (2008) have examined new tool materials with varying levels of thermal conductivity in order to control the cooling rate of formed components. Mori and Okuda (2010) have used grooved tools at the bottom dead centre during the stamping to achieve lower strength due to lack of the quenching. Maeno et al. (2014) used spacers between the die and blankholder to prevent a temperature drop of the flange in order to improve the formability in hot stamping of an ultra-high strength steel part. However, few reports have been conducted regarding the hot ductility and fracture behaviour of boron. Song et al. (2003) have investigated the effect of boron on the hot ductility of 2.25Cr1Mo steel. López-Chipres et al. (2007) have investigated the influence of boron on the hot ductility of boron microalloyed steels. Güler et al. (2013 Güler et al. ( , 2014 have studied the ductility behaviour of boron steel 30MnB5 sheet at temperatures ranging from 400ºC to 900ºC at a strain rate of 0.083 s -1 and Al-Si-coated boron steel 22MnB5 at the same temperature and strain rate.
In the paper, the Al-Si-coated boron steel 22MnB5 was subjected to hot tensile tests at elevated temperatures, in a range between 550ºC and 850ºC, at different strain rates to obtain a better understanding of the ductility and fracture behaviour during hot deformation process. Fracture morphologies of tensile specimens deformed at different temperatures and the crack propagation and coalescence path, and force-displacement curve were applied to determine the fracture mechanisms of boron steel at elevated temperature. FEM modelling of hot tensile test forming, necking and cracking process was established and validated by experimental displacement and force curves.
Experimental details and results

Material description
The boron steel 22MnB5 is commonly used in the automotive industry for hot stamping. In the paper, the cold-rolled strip of the steel with a thickness of 1.6mm was used for the tests. The chemical composition of the investigated steel is given in Table 1 . The original microstructure of the cold-rolled 22MnB5 steel strip is shown in Figure 1 
Hot tensile test
Hot tensile tests were performed with a Gleeble 1500D system to observe the thermomechanical behaviour of 22MnB5 at different deformation temperatures and strain rates. The procedure for hot tensile testing is shown schematically in Figure 2 . First, the specimen is heated to 930°C at 16°C/s, then soaked for 5 min. The specimen is then cooled down to the deformation temperature at a cooling rate of 50°C/s in order to prevent the formation of ferrite and bainite before isothermal deformation. After being cooled rapidly, the specimen is maintained at the deformation temperature for 10 s to achieve a uniformly distributed temperature. The deformation temperatures of 550°C, 600°C, 650°C, 700°C, 750°C, 800°C, and 850°C and strain rates of 0.1, 1.0, and 10 s -1 are used during the hot tensile tests. Tensile specimens were cut from the cold-rolled steel sheet by wire electrical discharge machining. Figure 3 shows the dimensions of the tensile specimens employed for the hot tensile tests. The specimens were clamped in a vacuum chamber using specially made copper anvils. A NiCr-NiSi thermocouple TC1 spot welded at the centre of the specimen was used to ensure that the specimen temperature profile followed the prearranged temperature schedule. In order to record the temperature distribution of the heated specimen along the length direction, other thermocouples such as TC2, TC3 and TC4 were spot welded with the increasing spacing to TC1 shown in Figure 3 . Figure 4 show the recorded temperature distribution along the length direction. There is an almost constant temperature distribution in the middle zone of the specimen. Because of the use of resistance heating strategy, there is an uneven temperature distribution along the length direction of the tensile specimen. The length of the uniform temperature zone is chosen to be 15 mm in the gauge region of the specimen in order to guarantee the uniformly distributed temperature. 3 Experimental results
Stress-strain curves
During the hot tensile test, the flow stress of boron steel 22MnB5 increase rapidly due to the predominated work hardening as shown in Figure 5 . As the strain increases, the flow stresses reach a steady state because of the dynamic equilibrium between softening and work hardening. These curves are plotted up to appearance of necking and fracture phenomenon. It can be seen that the flow stress decreases with increasing temperature while the strain to fracture increases with rising temperature, and the yield stress is higher at the higher strain rate. The final stage after equilibrium is fracture which is a result of void nucleation, growth and coalescence. Figure 6 shows the experimental load-displacement curves at different strain rates. It shows with the increase of displacement, the force rises to a high level. The softening exists at high temperature, and the phenomenon is more visible with temperature increasing. The elongation to fracture is low at lower temperature and higher strain rate, while it is high at higher temperature and lower strain rate. Fracture generally occurs by void nucleation and growth in most ductile metals. The voids start to join and grow to become larger until the remaining area becomes too small to support the load. The cross sectional area of the specimen gradually decreases and the specimen elongates. Necking or localised deformation begins at maximum load, where the increase in stress due to decrease in the cross sectional area of the specimen becomes greater than the increase in the load-carrying ability of the metal due to strain hardening (Güler et al., 2013; Davis, 2004) . After that, the test specimens fracture, and the tensile force decrease sharply owing to the accumulated damage.
Load-displacement curves
Fracture morphology
Figures 7 to 9 show the fracture morphologies of tensile specimens at 550°C, 600°C, 650°C, 700°C, 750°C, 800°C and 850°C and strain rate 0.1, 1, 10 s -1 respectively. It can be seen that the fractures of all the tension specimens at various strain rates present dimple morphology which is the significant character of ductile fracture. With the increase of temperature, the dimples turn into deep voids, and the tensile strength decrease (Figures 7 to 9 ). In addition, no precipitates or inclusions are found within the voids for all temperatures and strain rates. 
The amount of dimples increase with increasing temperature until 750°C. The dimple sizes and depths are the highest than those at temperatures ranging from 550°C to 700°C, indicating the best ductility and higher fracture toughness because of the improved atomic activities at 750°C. For the same sample, the depth of dimple decreases as the increase of strain rate and has maximum value at strain rate 0.1 s -1 , while minimum value appears at strain rate 10 s -1
. Depth of dimple depends on the plastic deformation capability of materials and usually increases with the upgrading of deformation capability. The fracture test results show that the plasticity declines with increase of strain rate, which are also consistent with results from high speed test.
Compared with the fracture morphologies of tensile specimens at 800°C and 850°C with different strain rates, shallow and small dimples can be found, which is the result of the decreasing of the prevalence of the deep voids via joining. With the increase of temperature, material changes from unsteady state to steady state. The fracture area is becoming smaller with the increase of temperature, leading to lower surface potential. Thus, at high temperature as show in cases of 800°C and 850°C, the crack surface becomes smoother, with fewer dimples.
There are little difference among the morphologies of tensile specimens at 850°C with different strain rates, indicating minor influence of strain rate on dimples and voids at high temperature.
Figures 10 to 12 show the cracked uniaxial tensile test specimens at various temperatures and velocities. All the failure specimens exhibit ductile characteristics. It is found that the elongation increases remarkably with increasing temperature and decreasing test velocity. It is evident that the ductility is substantially enhanced with higher temperature and lower test velocity, showing clear strain rate and temperature sensitivity. The fracture always happens close to the centre of specimen and the necking phenomenon is obvious at high temperature. 
Rheological characterisation
The material rheological characterisation is essential to a proper FE model calibration. The constitutive equation can be described by stress strain data from tensile experiment. In the paper, the rheological behaviour of the material was described by means of the Hansel-Spittel model given by (
where σ y is the stress tensor, ε the strain tensor, ε the strain rate tensor and T the temperature of the test. The Hansel-Spittel coefficients for the 22MnB5 were determined by means of a nonlinear regression analysis of the flow curves of the material. The results are given in Table 2 . In order to clearly show the reliability of the identified constitutive equation, eight kinds of temperature (500°C, 550°C, 600°C, 650°C, 700°C, 750°C, 800°C and 850°C) and three kinds of strain rate (0.1, 1, 10 s -1 ) are selected. Figure 13 shows the comparison between experimental flow data and the numerical description of the 22MnB5 rheological behaviour through the Hansel-Spittel model.
The corresponding temperature distribution on the sheet at the beginning of the deformation due to the heating and soaking process (Figure 2 ) is reproduced in Figure 14 in the case of 750°C and 850°C, respectively. 
Continuum damage model
The continuum damage mechanics (CDM) theory proposed by Kachanov and later on developed by Lemaitre (1985) and Lemaitre et al. (1994) was recalled and implemented in the FE model of the hot stamping process to describe the fracture onset of 22MnB5 sheets. This Lemaitre (1985) and Lemaitre et al. (1994) ductile damage model is based on a thermodynamic framework. In its scalar form, damage is represented by the state internal variable D (0 ≤ D < 1), which represents the ratio of damaged area of a unit surface S D divided by the total surface S: D = S D /S.
Based on the strain equivalence hypothesis, the effective stress tensor σ is defined as the tensor that actually resists to the load:
where σ is the stress tensor for the undamaged material.
The damage strain energy release rate Y is associated to the damage variable D. It is given by:
where 3 : 2 = q s s is the von Mises equivalent stress, and s is the deviatoric stress part. E is the Young Modulus, ν the Poisson ratio, σ H the hydrostatic stress and H σ q defines the stress triaxiality ratio. This last parameter plays an important role on damage evolution. The quantity in square brackets in equation (3) 
where S 0 and b are materials parameters, R is the scalar variable associated with isotropic hardening and σ Y is the yield stress. q is the equivalent effective stress tensor that can be defined by:
Damage evolution is then given by the following relationship: 
In order to guarantee sufficient calculation accuracy and reduce the computation time, the biased meshing approach, which allows non-uniform distribution of elements along specimen length, was used in order to refine the mesh in the middle of the specimen and to coarsen it in other regions. In order to obtain a good balance between a converged solution, agreement with the experimental results and computation time, a finest element size of 0.4 mm and a coarsest one of 1.5 mm were finally chosen. The tensile specimen was meshed using 32,728 four-node tetrahedral elements. FORGE™ solver was used to carry out the FE simulations. Figure 15 shows the comparison of fracture mode between simulated and experimented results. It is evident that the FE model can precisely reflect the influence of strain rate and temperature on fracture mode of 22MnB5 steel. 
The force-displacement curves were extracted from simulation results. Figure 16 shows that the numerically calculated force-displacement curves are in good accordance with the experimental one, proving that the proposed FE model is sensible to temperature and strain rate variations.
Conclusions
Tensile tests were carried out at elevated temperatures, in a range between 550ºC and 850ºC, at strain rate of 0.1, 1 and 10 s -1 , respectively. The main conclusions are as follows:
1 The load-displacement curves at different strain rates show with the increase of displacement, the force rise to a high level. The softening exists at high temperature, and the phenomenon is more visible with temperature increasing. The elongation to fracture is low at lower temperature and higher strain rate, but it is high at higher temperature and lower strain rate. 2 With the increase of temperature, the dimples turn into deep voids, leading to the decrease of the tensile strength. 3 The amount of dimples increases with increasing temperature until 750°C. The dimple sizes and depths are the highest than those at a range between 550°C and 700°C, indicating the best ductility at 750°C. But because of domination of voids joining at high temperature, tensile specimens at 800°C and 850°C show even better ductility. 4 The depth of dimple decreases as the increase of strain rate and has maximum value at strain rate 0.1 s -1
, while minimum value appears at strain rate 10 s -1
. There are little difference among the morphologies of tensile specimens at 850°C with different strain rates, indicating minor influence of strain rate on dimples and voids at high temperature. 5 The FE model can precisely reflect the influence of strain rate and temperature on fracture mode of 22MnB5 steel. 
